ABSTRACT Cattle exposed to a paralyzing strain of Dermacentor andersoni (Stiles) were all paralyzed during an initial exposure, but the incidence of paralysis decreased to 17 and 0% after two subsequent exposures to virulent ßat ticks. Cattle with a single exposure to paralyzing ticks became paralyzed when challenged with ticks that had been prefed on cattle. Western blots indicated that cattle developed antibody responses to 13 antigens in paralyzing tick saliva. The likelihood of paralysis was inversely related to the number of saliva proteins that cattle developed antibody responses to. Cattle challenged with prefed ticks developed antibody response to fewer saliva antigens than cattle challenged with ßat ticks. Variation in tick dose did not inßuence the expression of paralysis. Daily survival of ticks was similar on all groups of cattle, and tick weight was not reduced on previously challenged cattle, indicating immunity developed to the paralysis toxin rather than tick feeding. Four saliva antigens (molecular weights ranging from 36.9 to 42.2 kDa) were associated with the development of immunity to paralysis.
Paralysis caused by the Rocky Mountain wood tick
Dermacentor andersoni (Stiles) remains a potential threat to cattle producers in the interior of British Columbia. The ability to cause paralysis is restricted to populations of D. andersoni west of the continental divide, whereas populations in Alberta and Saskatchewan do not have this capability (Gregson 1973, Lysyk and Majak 2003) . Until recently, tick paralysis was prevented by treating cattle with lindane before turnout to grassland pasture because this compound can provide up to 3 wk of tick control (Wilkinson and Allen 1983) . However, lindane has been removed from the market because of concerns with its environmental persistence and potential for long distance transport, leaving producers with relatively limited chemical control options. Regulatory changes, potential development of resistance, and the possible need to gather animals for acaricide reapplication because of the short efÞcacy period of many products (Wilkinson and Allen 1983) make it necessary to develop more sustainable methods for preventing paralysis.
Tick paralysis is generally believed to be caused by an unidentiÞed toxin in tick saliva that is injected into the host during feeding (Wilkinson 1982b) . Approximately 28 species of ticks can cause paralysis in vertebrates (Wilkinson 1982b ), but studies have only focused on relatively few (Mans et al. 2004) . Tick paralysis has been most extensively studied in Australia, where Ixodes holocyclus Neumann is the causative species. Vaccination against paralysis by this tick has been proposed as one method for long-term control because feeding by I. holocyclus results in a protective antibody response in the host (Masina and Broady 1999) . Cattle become immune to paralysis on second exposure to I. holocyclus (Doube and Kemp 1975) , and dogs develop long-lasting immunity after repeated infestations with low numbers of ticks (Stone et al. 1983) . A canine hyperimmune serum is used to treat paralysis caused by I. holocyclus (Masina and Broady 1999) but apparently has no effect on paralysis caused by D. andersoni (Gregson 1973) . It is generally maintained that, although immunity can develop to paralysis caused by I. holocyclus, immunity does not develop to paralysis caused by D. andersoni (Murnaghan and OÕRourke 1978, Mans et al. 2004) .
Relatively little work has been conducted to show whether or not animals can develop immunity to paralysis caused by D. andersoni. Gregson (1973) reported on experiments with yellow-bellied marmots [Marmota flaviventris (Audubon and Bachman, 1841) ] that showed that these hosts did not develop antibody titers against tick salivary gland extracts or saliva after tick infestation. Gregson (1973) further indicated that laboratory animals twice paralyzed did not develop immunity after further exposures. Few experiments have been conducted using cattle because of their cost and the requirement for large num-bers of ticks (Gregson 1973) . Heifers are known to be very susceptible to tick paralysis. Ticks feeding on previously challenged heifers had diminished ability to cause paralysis after transfer to hamsters, Mesocricetus auratus (Waterhouse), suggesting an immune response by cattle (Lysyk et al. 2005) ; however, direct evidence for or against the development of an immune response to D. andersoni paralysis in cattle is lacking. Because the potential for developing a vaccine against D. andersoni paralysis depends on the ability of the host to develop an immune response to the toxin, we conducted an experiment to determine whether repeated exposure of cattle to a paralyzing strain of D. andersoni would result in a reduction in the incidence of paralysis. Western blots were used to determine whether cattle developed an immune response to antigens in paralyzing tick saliva.
Materials and Methods
Source of Ticks. Paralyzing adult female D. andersoni originating from British Columbia, Canada, were obtained from a colony maintained at Lethbridge Research Centre (Lysyk and Majak 2003) . Nonparalyzing ticks were obtained from a colony initiated with wild ticks collected near Chin Lakes, Alberta, Canada. Larvae and nymphs were reared on rabbits and held at 25ЊC and 95% RH for molting, and adults were stored at 10ЊC until use. Rearing procedures were approved by the Lethbridge Research Centre Animal Care Committee.
Cattle. Cross-bred Angus heifers born in southern Alberta in the spring of 2000 were shipped to Kamloops Range Research Unit in October 2000 where they were randomly separated into three groups of six cattle each. Animals from southern Alberta were used to ensure they had never been exposed to paralyzing ticks because Alberta populations of D. andersoni do not cause paralysis. Animals were held in feedlot pens for the duration of the experiment because D. andersoni occurs on rangeland in the Kamloops area (Gregson 1973) and not feedlots. Animals were cared for in accordance with Canadian Council of Animal Care Guidelines and experiments were approved by the local Animal Care Committee.
Exposure to Paralyzing Ticks. Animal were exposed to paralyzing ticks during three exposure periods: May 2001, October 2001, and October 2002. Cattle were weighed before exposure, and a prechallenge blood sample was collected by coccygeal venipuncture. Blood samples were held at room temperature for 1 h to allow clotting and were centrifuged, and serum was collected and stored at Ϫ20ЊC. Cattle were infested by placing adult female ticks inside a stockinet sleeve (QMD Medical, Montreal, Quebec, Canada) fastened with contact cement (Helmetin, Toronto, Ontario, Canada) to a shaved area on the back of the animal. Ticks were allowed to feed until either paralysis occurred or 14 d had elapsed. Ticks were manually removed, weighed as a group for each heifer, and counted. A postchallenge blood sample was also collected. The following host and tick variables were determined for each animal: infestation dose (number of female ticks/kg cattle weight), percentage females alive at the end of the trial, total weight of all females removed, average female weight (total weight of females/number of females), and parasitic ratio (mg ticks/kg host). A constant daily survival rate (s) was calculated as s ϭ p (1/t) where p ϭ the proportion of females initially placed on the cattle that were alive when removed from the animals, and t ϭ the time in days after infestation that ticks were removed.
May 2001 Exposure. The six cattle in group 1 were each challenged with 150 ßat female ticks in May 2001 and were observed for paralysis every 8 h until the Þrst case of paralysis occurred, after which they were observed hourly. The tick dose was greater than that used by Wilkinson (1982a) and was selected to ensure paralysis because the main purpose of this exposure was to provide previously paralyzed animals for the subsequent exposure periods. Observations on time of paralysis, incidence of paralysis, and tick and host variables were presented descriptively and not analyzed statistically.
October 2001 Exposure. Cattle in groups 1 and 2 were each exposed to 150 ßat female ticks and observed daily for paralysis. This provided a comparison of the incidence of paralysis between previously challenged cattle (group 1) and a naṏve, control group (group 2). The Fisher exact test was used to determine whether the incidence of paralysis varied between animals in groups 1 and 2 (Cytel 2007) . One-way analysis of variance (ANOVA) was used to compare the host and tick variables between groups (PROC MIXED; SAS Institute 2004).
October 2002 Exposure. Because of a limited number of ticks, animals from groups 1 and 3 were exposed to 100 ßat female ticks each. This was fewer than used in earlier exposures but was considered sufÞcient to cause paralysis and still allowed comparison between cattle with two previous challenges (group 1) and a naṏve, control group (group 3). Animals in group 2 were not exposed to ßat ticks but were challenged with ticks transferred from group 3 animals after paralysis because of a limited number of ticks available. The Fisher exact test was used to determine whether the incidence of paralysis varied among groups (Cytel 2007) . One-way ANOVA was used to compare the host and tick variables among groups (PROC MIXED; SAS Institute 2004). Means were separated using FishersÕs least signiÞcant difference (LSD).
Sequential Effects: Group 1. Data from group 1 animals were analyzed sequentially across exposures to determine whether the incidence of paralysis, percentage ticks recovered, constant daily survival, weight of females, females size, and parasitic ratio varied among successive exposures. Analysis of quantitative variables was conducted using a repeatedmeasures analysis with animals as subjects (PROC MIXED; SAS Institute 2004) . Changes in the incidence of paralysis with successive exposures were analyzed using CochraneÕs Q-test for k-related samples (Cytel 2007 exposures. Serum collected from animals before any tick challenge was used to indicate background reactivity. Serum from animals in group 1was further used to compare reactivity to saliva from paralyzing and nonparalyzing ticks. Both paralyzing and nonparalyzing tick saliva were assayed on the same membrane and probed with serum collected before any tick exposure (prechallenge sample, May 2001 exposure) and serum collected after development of immunity (postchallenge sample, October 2001 exposure). Tick saliva was collected from paralyzing ticks obtained from the LRC laboratory colony and from nonparalyzing ticks collected at Chin Lakes, Alberta, Canada. Paralyzing ticks were prefed on naṏve cattle until reaching a minimum weight of 40 mg and assayed either singly or in pairs on hamsters to conÞrm they were capable of causing paralysis (Lysyk and Majak 2003) . Nonparalyzing ticks were assayed four per hamster to conÞrm that they were not capable of causing paralysis. Ticks were removed from hamsters and weighed, and salivation was induced by injection with 10 l/100 mg body weight of 5 mM dopamine hydrochloride in 0.9% NaCl (Kaufman 1978) . Ticks were placed onto double-sided tape and saliva collected into a Þnely drawn capillary tube (10 l) placed over the chelicerae and hypostome. Saliva was pooled, and the protein concentration was determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA) with bovine serum albumin as the protein standard. Saliva samples were stored in aliquots of 10 l at Ϫ80ЊC.
Saliva proteins were separated by sodium dodecyl sulfate gel electrophoresis (SDS-PAGE) using minigels (Dharampaul et al. 1993) . Saliva was diluted in three parts sample buffer (20 parts deionized water, 8 parts 10% SDS, 5 parts 0.5 M Tris-HCl [pH 6.8], 4 parts glycerol, 2 parts 2-mercaptoethanol, and 1 part 0.05% bromophenol blue). Samples were centrifuged for 3 min at 11,300 rpm, boiled for 5 min, and recentrifuged. Sample volumes were adjusted so that Ϸ10 ng protein was loaded into wells of a 0.75-mm-thick mini-gel with a 4% stacking gel and a 12% separating gel containing 0.1% SDS. Molecular weight standards (ECL, Amersham Biosciences, Little Chalfont, United Kingdom) were also loaded. Electrophoresis was run at 120 V for 80 Ð90 min. Proteins were electrophoretically transferred to Imobilon-P polyvinylidene dißuoride (PVDF) membranes (Millipore, Billerica, MA) at 100 V constant voltage for 2 h at 4ЊC using a Mini TransBlot cell (Bio-Rad) and blocked using the Rapid-Immunodetection protocol as outlined by the manufacturer (Millipore). Membranes were soaked in Optima methanol (Fisher, Ottawa, Ontario, Canada) for 10 Ð15 s, placed on Þlter paper, and dried for 15 min at 37ЊC. Membranes were incubated for 1 h with cattle serum that was diluted to 1:10,000 (vol:vol) in Trisbuffered saline (TBS, 20 mM Tris-HCl, 500 mM sodium chloride, pH 7.5) containing 0.025% (vol:vol) Tween-20 at a ratio of 1.1 ml/cm 2 of membrane surface area. The membranes were subsequently rinsed three times for 5 min in TBS-Tween at a ratio of 4.4 ml/cm 2 of membrane surface area and incubated with horseradish peroxidaseÐ conjugated rabbit anti-bovine IgG (whole molecule; Sigma Chemical, St. Louis, MO) diluted to 1:80,000 (vol:vol) for 1 h (1.1 ml/cm 2 ) followed by three rinses in TBS-Tween. Antigen-antibody reactions were detected with an ECL Plus chemiluminescence kit (Amersham Biosciences). The membrane was incubated for 5 min with the luminolbased substrate at a ratio of 0.1 ml/cm 2 and wrapped in plastic wrap for radiography. Membranes were exposed to RX-U x-ray Þlm (FujiÞlm, Tokyo, Japan) for 1-, 5-, 10-, and 15-min intervals to ensure that any faint bands were observed. PVDF membranes with immobilized tick saliva proteins were incubated with horseradish peroxidaseÐ conjugated rabbit anti-bovine IgG in the absence of bovine serum as a control against contamination. The positive control was serum from an immunized animal that showed the widest range of responses to tick salivary antigens. Developed Þlm was digitally photographed, cropped, and aligned with Adobe Photoshop 5.0 LE software (Adobe Systems, San Jose, CA). Molecular weights of the saliva antigens recognized were determined using Gel-Pro Analyzer 3.0 software (Media Cybernetics, Silver Spring, MD).
Data Analysis. The number of saliva antigens recognized by each animal was analyzed separately for each exposure. For the May 2001 exposure, the number of antigens recognized in the pre-and postchallenge samples was compared using a paired t-test because only group 1 animals were challenged during this exposure. For each of the October 2001 and October 2002 exposures, the number of antigens recognized were compared using two-way repeated-measures ANOVA with sample (pre-and postchallenge) and group as main effects and animals as subjects (PROC MIXED; SAS Institute, 2004) . Means were separated using Fisher LSD.
A second analysis was conducted for animals in groups 1 and 2 to determine whether the number of saliva antigens recognized increased with sequential tick exposures. Each group was analyzed separately using repeated-measures ANOVA (PROC MIXED; SAS Institute 2004) with exposure period and sample (pre-and postchallenge) as main effects and animals as subjects. Means were separated using Fisher LSD.
Logistic regression (PROC LOGISTIC; SAS Institute 2004) was used to determine the relationship between the probability of paralysis and the number of saliva antigens recognized. Animals were assigned a value Y ϭ 1 if paralysis occurred, and Y ϭ 0 if paralysis did not occur, and Þt to the model P(Y ϭ 1) ϭ 1/{1 ϩ exp[Ϫ(a ϩ bX)]} where P(Y ϭ 1) ϭ the probability of paralysis, X ϭ the number of saliva antigens that cattle developed antibodies to, and a and b are the intercept and slope, respectively. Differences in the number of paralyzing and nonparalyzing tick salivary antigens recognized by animals in group 1 were detected using repeated-measures ANOVA with saliva source (paralyzing versus nonparalyzing) as the main effect and animals as subjects (PROC MIXED; SAS Institute, 2004) .
Association of Paralysis and Saliva Antigens. This analysis was restricted to data collected during the Þnal exposure so that all 18 animals would be included. Calculations were made separately for pre-and postchallenge samples. Immunity to paralysis was assumed to have occurred in all animals that were not paralyzed. True positives were antigens that were detected when no paralysis occurred; true negatives were antigens that were not detected when paralysis occurred; false positives were antigens detected when paralysis occurred; and false negatives were antigens that were not detected when no paralysis occurred. Overall agreement was calculated as (A ϩ D)/(A ϩ B ϩ C ϩ D) where A ϭ the number of true positives, D ϭ the number of true negatives, B ϭ the number of false positives, and C ϭ the number of false negatives (Venette et al. 2002) . Sensitivity (Se) was calculated as the proportion of immune individuals that responded to the antigen, and speciÞcity (Sp) was calculated as the proportion of nonimmune individuals that had no response to the antigen. CohenÕs (Fleiss et al. 2003) was further used as a chance-corrected measure of association between the presence of a band and immunity to paralysis. Antigens with Ͼ0.7 were considered to have excellent agreement with immunity to paralysis.
Results

Exposure to Paralyzing Ticks
May 2001 Exposure. All six cattle in group 1 began to show symptoms of paralysis on the sixth day after challenge. Animals appeared normal during a routine check at 0600 hours. One animal showed hind limb ataxia at 0700 hours. Paralysis had progressed to the front limbs at 1100 hours, and the animal began to lose balance at 1130 hours. The animal became sternally recumbent at 1145 hours, and ticks were removed. The animal was able to stand and walk unsteadily within 15 min after tick removal. Two of the remaining animals exhibited unsteady gaits and loss of balance at 1130 hours. A fourth animal showed unsteady gait at 1230 hours, and the two remaining animals showed stiff hind legs at 1330 hours. Paralysis was allowed to progress until 2000 hours, when all animals showed extreme hind quarter ataxia and difÞculty walking. The ticks were removed, and all animals recovered by the following morning. The average time to paralysis was 6 Ϯ 0 d. The remaining tick and host variables are listed in Table 1 .
October 2001 Exposure. Only one of six of the animals in group 1 that received a second tick challenge were paralyzed, signiÞcantly fewer (Fisher exact test; P Ͻ 0.008) than the six of six paralyzed animals in group 2 that had received their Þrst tick challenge during this exposure. The single animal in group 1 was paralyzed 10 d after challenge, whereas the animals in group 2 were paralyzed in 6.2 Ϯ 0.9 d. Cattle weights were similar among the two groups (F ϭ 0.16; df ϭ 1,10; P ϭ 0.70), and the infestation doses were nearly identical (F ϭ 0.02; df ϭ 1,10; P ϭ 0.90). The percentage of females alive at the end of the trial was similar among the two groups (F ϭ 1.85; df ϭ 1,10; P Ͼ 0.20), as were constant daily survival (F ϭ 1.4; df ϭ 1,10; P ϭ 0.26), the total weight of all females removed (F ϭ 0.15; df ϭ 1,10; P ϭ 0.71), average female size (F ϭ 0.81; df ϭ 1,10; P ϭ 0.39), and the parasitic ratio (F ϭ 0.39; df ϭ 1,10; P ϭ 0.54). October 2002 Exposure. The incidence of paralysis varied signiÞcantly among groups (Fisher exact test; P Ͻ 0.001). None of the animals in group 1 were paralyzed compared with Þve of six in group 2 and six of six in group 3. Time to paralysis averaged 6.8 Ϯ 0.2 d for animals in group 3 and 1.4 Ϯ 0.2 d for animals in group 2. The heifer groups had similar mean weights (F ϭ 0.02; df ϭ 2,15; P ϭ 0.98) and infestation doses (F ϭ 0.05; df ϭ 2,15; P ϭ 0.95). The percentage of female ticks alive at the end of the trial was lower in group 1 compared with the other groups (F ϭ 7.39; df ϭ 2,15; P ϭ 0.006), but constant daily survival of ticks did not vary signiÞcantly among the groups (F ϭ 2.6; df ϭ 2,15; P ϭ 0.11; Table 1 ). The total weight of all females removed was greatest for animals in groups 1 and 2 (F ϭ 7.7; df ϭ 2,15; P ϭ 0.005), and average female size was greatest for ticks removed from group 1 (F ϭ 14.9; df ϭ 2,15; P ϭ 0.0003). The parasitic ratio was greatest for animals in group 1 and 2 compared with group 3 (F ϭ 8.6; df ϭ 2,15; P ϭ 0.003).
Sequential Effects: Group 1. Paralysis declined with successive tick challenge in group 1 (CochraneÕs Q test, 2 ϭ 10.3; df ϭ 2; P ϭ 0.008). Associated changes in tick feeding included reduced percentage of females alive at the end of the second and third challenges compared with the Þrst (F ϭ 13.9; df ϭ 2,10; P ϭ 0.0013) and reduced constant daily survival during the second exposure compared with the Þrst and third exposures (F ϭ 8.3; df ϭ 2,10; P Ͻ 0.008; Table 1 ). The total weight of female ticks increased with successive exposures (F ϭ 11.09; df ϭ 2,10; P ϭ 0.003) as did average female size (F ϭ 75.7; df ϭ 2,10; P Ͻ 0.0001). The parasitic ratio did not change appreciably among successive challenges (F ϭ 1.41; df ϭ 2,10; P ϭ 0.29).
Response to Saliva Antigens
Cattle showed antibody responses to 13 antigens from paralyzing tick saliva (Fig. 1) . Animals showed antibody responses to relatively few salivary antigens (range ϭ 0 Ð3 per animal) before their Þrst tick infestation (Table 2 , prechallenge results). A 54.7-and 31.8-kDa antigen was recognized by 8/18 and 7/18 animals, respectively, before Þrst challenge. A 28.8-kDa antigen was recognized by three animals, a 33.2-and 29.0-kDa antigen was recognized by two animals, and a 46.1-kDa antigen was recognized by one animal. The remaining antigens were detected only after animals had been infested with ticks.
May 2001 Exposure. Animals in group 1 had relatively few antibody responses to tick saliva antigens (Table 2) , with similar numbers of antigens recognized in the pre-and postchallenge samples (t ϭ Ϫ0.2; df ϭ 5; P ϭ 0.84).
October 2001 Exposure. Group 1 cattle produced antibodies to a much greater number of saliva antigens than group 2 cattle (F ϭ 66.5; df ϭ 1,10; P Ͻ 0.0001). Prechallenge samples had fewer antibodies to saliva antigens than postchallenge samples (F ϭ 29.6; df ϭ 1,10; P Ͻ 0.003), with a signiÞcant group ϫ sample interaction (F ϭ 4.3; df ϭ 1,10; P ϭ 0.065). The number of antigens recognized by cattle increased between the pre-and postchallenge samples (Table 2 ), but the increase was greater in the previously paralyzed animals (group 1) compared with the naṏve animals (group 2).
October 2002 Exposure. The number of salivary antigens that cattle developed antibodies to varied among groups (F ϭ 23.7; df ϭ 2,15; P Ͻ 0.0001) but not between the pre-and postchallenge samples (F ϭ 0.02; df ϭ 1,15; P ϭ 0.89), nor was there a signiÞcant group ϫ sample interaction (F ϭ 1.0; df ϭ 2,15; P ϭ 0.39). Cattle in group 1 (two previous challenges) had developed antibodies to the greatest number of salivary antigens (Table 2) , followed by animals in group 2 (one pre- vious challenge) and animals in group 3 (naṏve animals).
Sequential Effects: Group 1. Animals in group 1 had developed antibodies to a greater number of salivary antigens during the second and third exposure compared with their Þrst exposure to paralyzing ticks (F ϭ 98.2; df ϭ 2,25; P Ͻ 0.0001; Table 2 ). Postchallenge samples had antibodies to a greater number of saliva antigens than prechallenge samples (F ϭ 16.2; df ϭ 1,25; P Ͻ 0.0001); however, there was a signiÞcant exposure ϫ sample interaction (F ϭ 10.0; df ϭ 2,25; P Ͻ 0.0007). Cattle developed antibodies to an average of 5.3 Ϯ 0.7 and 7.2 Ϯ 1.1 salivary antigens in the pre-and postchallenge samples, respectively; however, the differences between pre-and postchallenge samples were greatest during the second infestation and greatly reduced during the Þrst and third infestations. This was responsible for the signiÞcant interaction.
Sequential Effects: Group 2. Animals in group 2 developed antibodies to 2.4 Ϯ 0.7 saliva antigens during their Þrst infestation and 4.7 Ϯ 1.0 during the second infestation, a weakly signiÞcant difference (F ϭ 3.8; df ϭ 1,15; P ϭ 0.07). There were no signiÞcant differences between pre-and postchallenge samples (F ϭ 0.05; df ϭ 1,15; P ϭ 0.83) and no signiÞcant exposure ϫ sample interaction (F ϭ 2.7; df ϭ 1,15; P ϭ 0.12).
Relationship Between Paralysis and Number of Saliva Antigens Recognized. Logistic regression indicated signiÞcant relationships between the occurrence of paralysis and the number of saliva antigens cattle had developed antibodies to. Parameter estimates (ϮSE) for the prechallenge samples were a ϭ 2.74 Ϯ 0.86 and b ϭ Ϫ0.45 Ϯ 0.15 and a ϭ 4.92 Ϯ 1.49 and b ϭ Ϫ0.69 Ϯ 0.20 for the postchallenge samples. The relationships were signiÞcant for both the prechallenge ( 2 ϭ 13.1; df ϭ 1; P Ͻ 0.001; max-rescaled r 2 ϭ 0.42) and postchallenge samples ( 2 ϭ 28.1; df ϭ 1; P Ͻ 0.001; max-rescaled r 2 ϭ 0.75); however, the postchallenge samples generally provided better Þt as indicated by the greater 2 and rescaled r 2 values. Animals that developed antibody responses to no more than four saliva antigens in the prechallenge samples had a greater tendency to become paralyzed (20/21 ϭ 95.2% paralysis) than animals that developed antibody responses to at least Þve salivary antigens (4/15 ϭ 26.7% paralysis). A similar pattern was seen with the postchallenge samples where animals that developed antibodies to no more than Þve saliva antigens had a greater tendency to become paralyzed (22/23 ϭ 95.7% paralysis) compared with animals that developed antibodies to at least six saliva antigens (2/13 ϭ 15.4% paralysis; Fig. 2) .
Nonparalyzing Tick Saliva. An average of 2.0 Ϯ 0.9 nonparalyzing tick saliva antigens were detected per animal, signiÞcantly fewer (F ϭ 87.4; df ϭ 1,15; P Ͻ 0.0002) than the 11.2 Ϯ 0.5 paralyzing tick saliva antigens detected by the same animals. The 39.3-, 38.8-, 33.8-, 33.2-, and 31.8-kDa saliva antigens were each recognized by two animals and the 42.2-and 36.9-kDa antigens were recognized by single animals.
Association of Paralysis and Saliva Antigens. The association between immunity to paralysis and the presence of antibodies to speciÞc tick saliva antigens during the Þnal infestation (October 2002) is listed in Table 3 . Overall agreement ranged from 0.5 to 0.78 for antigens detected in the prechallenge samples. Sensitivity ranged from 0 to 0.86, and speciÞcity ranged from 0.27 to 1.00. was signiÞcantly greater than zero for 4 of the 13 antigens, but only 3, the 39.3-, 38.8-, and 36.9-kDa antigens, had values of between 0.4 and 0.7 that would be considered indicative of fair-good agreement. These were also the only antigens for which agreement, sensitivity, and speciÞcity were all Ͼ0.70 in the prechallenge samples.
The postchallenge samples tended to show a greater degree of association between immunity to paralysis and the presence of antibodies to speciÞc tick saliva antigens. Agreement ranged from 0.44 to 1.0, sensitivity ranged from 0.14 to 1.0, and speciÞcity ranged from 0.36 to 1.0. Nine antigens had signiÞcant values of . Four of these, the 42.2-, 39.3-, 38.8-, and 36.9-kDa antigens, had excellent agreement with immunity to paralysis ( ϭ 0.89 Ð1.0). Another four, the 33.8-, 33.2-, 29.0-, and 28.0-kDa antigens, showed fair to good agreement ( ϭ 0.43Ð 0.64), and the 46.1-kDa antigen showed poor agreement. 
Discussion
The relationship between the occurrence of paralysis and the number of saliva antigens that cattle developed antibodies to support the idea that immunity developed to tick paralysis. The incidence of paralysis in group 1 cattle decreased from 100% after Þrst exposure to 17 and 0% after second and third exposures to paralyzing ticks, respectively. This was associated with an increased number of saliva antigens to which cattle produced antibodies, suggesting that cattle in group 1 developed an immune response to tick saliva that resulted in a reduced incidence of paralysis with increasing exposure to paralyzing ticks. Cattle in group 2, however, did not exhibit immunity to paralysis during the second exposure in October 2002. Although this was unexpected, it may have been caused by the different method used to infest these animals. Normally, paralysis is caused by ticks that have reached 40 mg and have fed for Ϸ6 Ð7 d on the host. This period before paralysis may allow previously challenged animals an opportunity to mobilize their immune response during the early phases of tick feeding to combat the toxin. Group 2 cattle were not infested with ßat ticks but with partially engorged ticks weighing Ϸ59 mg and were paralyzed within 2 d of their second infestation. The large ticks had the capability to immediately secrete larger amounts of toxin into the host once they attached, and it is likely that cattle did not have the opportunity to mobilize their immune response to the toxin. This is supported by the short period of time in which this group of animals became paralyzed (Յ2 d), the moderate number of saliva antigens that animals in group 2 developed antibody responses to during the October 2002 exposure, and the reduction in antibody response between pre-and postchallenge samples during October 2002 that suggested some degree of immunomodulation.
In addition to development of immunity to the paralysis toxin, the occurrence of paralysis could also have been affected by tick dose or development of host immunity to feeding. However, neither of these explanations is supported by the available data. Although the tick doses applied to animals varied among the exposure periods because of cattle growth and tick availability, all animals in the control groups were paralyzed; therefore, all doses were clearly sufÞcient to cause paralysis in naṏve cattle. The lowest dose in this study, 0.18 ticks/kg, was a much lower dose than previously used for D. andersoni. Typically, doses ranging from 0.40 to 0.45 (Wilkinson 1982) and 0.42 to 0.47 ticks/kg (Wilkinson and Allen 1983) have been used to paralyze cattle, and doses ranging from 0.32 to 0.47 ticks/kg have been used to paralyze sheep (Wilkinson 1985) . Although it is unclear to what extent doses lower than 0.40 ticks/kg have been examined for D. andersoni and cattle, cattle have been paralyzed by as few as 29 females feeding in the absence of males (Gregson 1973 ). An average of 37 D. andersoni (range, 11Ð 85) including males and unfed females were removed from paralyzed cattle during an outbreak in Montana (Jellison et al. 1951) . The numbers of ticks removed from group 1 animals during the October 2002 infestation averaged 67.7 and ranged from 42 to 88 females/animal. Our minimum dose was slightly greater than that of I. holocyclus, which caused paralysis in 10/10 cattle exposed to Ն0.15 ticks/kg but no paralysis in 17/17 cattle exposed to Յ0.08 ticks/kg (Doube and Kemp 1975) .
Cattle can develop some degree of immunity to feeding by D. andersoni (Wikel and Osburn 1982) , but it is doubtful that immunity to feeding, rather than to the toxin, played a signiÞcant role in the prevention of paralysis observed with the group 1 animals. Cattle infested with low numbers of D. andersoni at 10-d intervals developed intense skin reactions during the third and fourth exposures; however, the effects on tick feeding success were not quantiÞed (Wikel and Osburn 1982) . Our exposures used a greater number of ticks but had much longer intervals between expo- sures. We did not notice any severe reactions to tick feeding. Typically, immunity to tick feeding is manifest as a reduction in the percentage of females that complete feeding (Allen and Humphreys 1979) , a reduction in weight of engorged females (Whelen et al. 1986 ), or both. These results are usually based on females feeding in the presence of males that will mate, feed to repletion, and detach within a deÞned time period. We used unmated females in our experiment, and these will continue feeding for weeks without fully engorging and spontaneously detaching. Ticks were removed from the one paralyzed animal after 10 d during the second exposure, after 6 Ð7 d on the remaining paralyzed animals, and after 14 d on the unparalyzed animals. The percentage of females alive when removed from the animals could reßect the duration of time ticks were allowed to feed. Because of this, estimates of constant daily survival are more appropriate for comparing survival among the different groups of cattle because they remove the confounding effects of duration of feeding. Daily survival on group 1 animals was similar to, and not signiÞcantly different from, the daily survival estimates for the naṏve animals during the second and third exposures (Table 1) , suggesting previous exposure did not affect tick survival. Also, female weight increased with successive exposures for ticks removed from animals in group 1 and was nearly double after the third exposure compared with the second. Typically, host immune response results in reduced female weights during the second and subsequent infestations (Whelen et al. 1986 ) rather than increased weights as occurred with ticks feeding on group 1 animals.
The incidence of paralysis in group 1 cattle declined from 100 to 17% when challenged 5 mo after initial exposure and was 0% when challenged 1 yr later. This indicates that immunity persisted for at least 17 mo. Similarly, long-term immunity to I. holocyclus paralysis was induced in several breeds of dogs exposed to feeding ticks (Stone et al. 1983) .
Few paralyzing tick saliva proteins were recognized by cattle before exposure to paralyzing ticks. The most commonly recognized antigens before exposure had molecular weights equal to 31.8 and 54.7 kDa. The identity of these proteins is unknown; however, a 31-kDa antigen in salivary gland extracts of D. andersoni was recognized by serum from naṏve rabbits (Gordon and Allen 1987) . A 54-kDa antigen in salivary gland extracts from female Ambylomma americanum L. was recognized by serum from naṏve guinea pigs (Brown 1988b ). These may be host immunoglobulinbinding proteins. A 54-kDa immunoglobulin-binding protein is present in salivary gland extracts of Rhipicephalus appendiculatus Neumann (Wang and Nuttall 1995) .
Antibodies were developed against a variety of antigens ranging in size from 20.2 to 54.7 kDa. A similar number in the range 21Ð54 kDa were recognized by guinea pigs expressing resistance to adult A. americanum (Brown 1988b) . Brown (1988a) suggested that three proteins in the range 39 Ð 41 kDa were crucial for induction of host immunity to A. americanum. Four antigens detected in the current study ranging in size from 36.9 to 42.2 kDa were strongly associated with immunity to paralysis. Whether these match any previously reported antigens for D. andersoni is unknown. A 36-kDa immunosuppressive protein is present in the saliva and salivary glands of D. andersoni (Bergman et al. 1998 (Bergman et al. , 2000 . Gordon and Allen (1987) identiÞed a triplet from salivary gland extracts of D. andersoni that was near 39 kDa and persisted throughout feeding. We noted a doublet in this size range from paralyzing tick saliva, but it was less prevalent in nonparalyzing tick saliva. The reduced number of saliva protein from nonparalyzing tick saliva compared with paralyzing tick saliva suggests a qualitative difference in saliva components between the paralyzing and nonparalyzing forms of D. andersoni.
The molecular weights of the four antigens with a high association of immunity to paralysis do not correspond with molecular weights of other tick-produced toxins. The toxin produced by Rhipicephalus evertsi Neumann is believed to be 68 kDa (Viljoen et al. 1986 ) that possibly consists as a trimer of three 23-kDa subunits (Crause et al. 1993 ). The toxin produced by I. holocyclus was suggested to be a protein in the range 60 Ð100 kDa (Stone et al. 1979) ; however, smaller 5-kDa synaptosome-binding molecules have also been proposed as the neurotoxin (Masina and Broady 1999) . There is no guarantee that the four immunity-associated antigens identiÞed include the toxin itself; they may include proteins necessary for toxin function such as co-factors or synergists (Steen et al. 2006) . They were, however, uniformly not detected when paralysis occurred, and detected when paralysis did not occur, suggesting they play some role in paralysis and that the immune response to these is associated with prevention of paralysis.
These results indicate that the immune response of cattle to tick paralysis is more complicated than was originally expected. Rather than develop immunity to a single toxin, cattle develop immunity to a multiple proteins, the function of which have not been determined. To date, we have not identiÞed which of these proteins is most likely the toxin but have identiÞed four proteins that show behavior consistent with a protective response to paralysis. Further work could use antibodies produced to these antigens to screen full-length cDNA expression libraries to identify the proteins, as has been done with various saliva proteins of Ixodes scapularis (Das et al. 2001) .
